In the past few decades, pomegranate production in India has greatly suffered from a highly catastrophic bacterial blight disease caused by Xanthomonas axonopodis pv. punicae. Various management strategies have failed to control the disease. During surveys carried out in Maharashtra, India in 2010-2015, an unusual yellow pigmented bacterium was consistently associated with pomegranate showing blight symptoms. Based on morphological, biochemical, 16S rRNA and gyrase B gene sequencing, the bacterium was identified as Pseudomonas sp. Pathogenicity was assessed both by a detached leaf assay method (in vitro) and in pomegranate plantlets (in vivo). To the best of our knowledge, we report Pseudomonas sp. as a cause of new bacterial blight disease of pomegranate in Maharashtra, India in addition to Xanthomonas axonopodis pv. punicae.
Pomegranate is one of the major cash fruit crops grown in India. The blight disease of pomegranate, when first reported, was known to be caused by Xanthomonas axonopodis pv. punicae (Hingorani and Mehta 1952; Hingorani and Singh 1960) . Over the past few decades, bacterial blight has created havoc among pomegranate cultivators in India especially in Maharashtra, Andhra Pradesh and Karnataka states. The disease results in a huge loss (60-80%) of economy due to destruction of the fruit. Sometimes the bacterial blight results in complete loss of the orchards (Kumar et al. 2009; Mondal and Mani 2009) . Current management practices have not been successful in controlling the disease and it is fast spreading throughout the pomegranate cultivating regions, mainly in Maharashtra, India.
A total of 130 samples of infected pomegranate plant parts (leaves, fruits, stems and flowers) were collected from 10 different fields of various pomegranate growing regions of Maharashtra , and Purandar -17 samples), India ( Supplementary Fig. S1 ). The infected pomegranate parts viz., leaves, fruits and stems ( Supplementary Fig. S2 ) were disinfected using 2% sodium hypochlorite followed by thorough washing with distilled water (DW) and instant dip in 75% ethanol and washed twice with sterile DW. The early disease spots from disinfected leaves, fruits and stems were cut across the spot using a sterile blade and two drops of sterile saline were added at the cut surface to ensure release of the etiological agent in the form of ooze. The suspension from the infected plant parts in the form of ooze was streaked on Nutrient agar (NA) (HiMedia) plates. The plates were incubated at 30 ± 1°C for 2-3 days and observed for the appearance of the bacterial colonies. Colonies from the plates were purified by streaking on nutrient agar plates. The stock cultures were maintained on YDCA agar (Yeast extract 10.0 g; Dextrose 20.0 g; CaCO 3 20.0 g; Agar 20.0 g; pH 7.0-7.2 per litre of distilled water) plates and slants for short-term storage ( Supplementary Fig. S3 ). For long-term storage, 20% glycerol stocks were kept at −80°C.
In all, 83 isolates obtained from different regions of Maharashtra, India, showed yellow colonies on nutrient agar plates after 3 days of incubation at 30°C. Single colonies were restreaked on nutrient agar plates to check their purity. Initially colonies showed cadmium yellow colour that later darkened to yellow. Isolated colonies when streaked on YDCA medium showed yellow glistening mucoid colonies, which later showed rough morphology when incubated for longer periods ( Supplementary Fig. S3 ). The cultures grown on YDCA slants even showed growth at 4°C. The biochemical characterisation suggested that the isolated strains belonged to genus Pseudomonas and Pantoea (Kodama et al. 1985; Schaad 1988; Garrity et al. 2004) .
The pathogenicity test for 83 isolates which showed yellow coloured colonies; was performed by detached leaf assay method (Randhawa and Civerolo 1985) with modifications and in vivo on pomegranate plants of 1-3 months old. The healthy pomegranate plants were first washed with sterile DW. These pomegranate plants were then disinfected with 70% ethanol and then washed thrice with DW to remove traces of ethanol. The plants were then allowed to air dry. For detached leaf assay, 48 isolates were able to produce symptoms of bacterial blight (oily spot) disease on pomegranate but differed in their virulence (Fig. 1) . The infection occurred not only on the pinpricked spot of inoculation but also started in the area where the bacterial suspension (10 8 cfu/ml) was swabbed with the cotton bud, when leaves were incubated at 30°C for 10 days. The experiment was repeated thrice with two replicates for each isolate. In addition, the pathogenicity test for the isolated strains was also carried out using a lower dose of 10 3 cfu/ml. The isolated strains were able to show the symptoms even at a lower dose of inoculum ( Supplementary Fig. S4 ).
The remaining 35 yellow coloured isolates were not pathogenic and belonged to the genera Pantoea, Brevibacillus and Pseudomonas (data not shown). Among these 35 isolates, four Pseudomonas sp. isolates were not phytopathogenic. Similarly, for in vivo pathogenicity on pomegranate plants, sterile 1.0 ml syringes were used for pricking the leaves and stems of the pomegranate plants at different locations. Further, the bacterial suspension was sprayed using a hand sprayer onto the syringe-pricked areas mostly then followed by the whole pomegranate plant. A similar procedure was followed with sterile DW, which served as a control. All the pomegranate plants were watered. Then, sterile autoclaving plastic bags were placed over the pomegranate plants and pinned in order to maintain humidity. Minute holes were also created on the sterile plastic bags for the exchange of gases. The pomegranate plants were then subjected to 12 h light period followed by dark in an incubator room at 30°C over a period of 7 days.
It was observed that 48 isolates were able to show bacterial blight symptoms when inoculated on pomegranate plantlets (Fig. 2) . The infected leaf part was used for reisolation of the etiological agent. The re-isolated etiological agent were again inoculated and incubated as described above and showed the bacterial blight symptoms, thus confirming the pathogenicity of the isolates. The reisolated strains showed yellow coloured smooth, convex, translucent colonies on nutrient agar plates after 3 days of incubation at 30°C and were confirmed by various biochemical and molecular tests. The experiment was repeated thrice with two replicates for each isolates. The morphological and biochemical characteristics (Kodama et al. 1985; Schaad 1988; Garrity et al. 2004 ) of the isolated pathogenic strains showing bacterial blight symptoms are described in Table 1 .
Single representative pathogenic strains isolated from five different regions of Maharashtra, India were selected to carry out further study. The five representative pathogenic strains were deposited in National Centre for Microbial Resource (NCMR), National Centre for Cell Sciences, Pashan, Pune -411,021, Maharashtra, India which is registered by the World Federation for Culture Collections. The accession numbers of the respective strains are shown in Table 2 . The bacterial cultures were grown on nutrient agar plates for 24-48 h at 30°C. Single colonies were used for isolation of DNA using Qiagen DNA amplification kit (QIAamp® DNA Mini Kit, Cat. No.51304). Total DNA thus obtained was checked on 0.8% agarose gel and quantified using NanoDrop spectrophotometer (NanoDrop, USA). 16S rRNA gene of the isolates was amplified with universal primers 8F (5′-AGA GTT TGA TCC TGG CTC AG -3′) and 1525R (5′ -TTC TGC AGT CTA GAA GGA GGT GWT CCA GCC -3′) using GeneAmplifier PCR System 9700 (Perkin Elmer, USA). The polymerase chain reaction (PCR) for 20 ng of DNA comprised mixture of 10X Taq polymerase buffer, 2 mM dNTPs, 10 pM primers, 1 unit Taq polymerase (Thermo Fisher Scientific). The 16S rRNA gene was amplified by following a protocol of initial denaturation at 94°C for 5 min, 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 1 min, final extension at 72°C for 10 min with final hold at 20°C for infinity. The PCR products thus obtained were checked on 1.0% agarose gel and then purified by PEG-NaCl (Polyethylene glycol-NaCl) method as described by Salunke et al. (2012) . The gyrase B gene is one amongst the house keeping genes that are conserved and can be used for identification purpose. A highly virulent isolate SK 10 was selected for gyrase B gene amplification and sequencing. Primers UP-1 (5′-CAY GCN GGN GGN AAR TTY GA -3′) and UP-2r (5′-CCR TCN ACR TCN GCR TCN GTC AT -3′) illustrated by Yamamoto and Harayama (1995) were used for gyrase B gene amplification. PCR was performed as illustrated above.
Sequencing of the respective amplicons (16S rRNA and gyrase B gene) was carried out on ABI 3730 × l Automated Sequencer using 'ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit' (Perkin Elmer Applied Biosystems Division, Foster City, CA). For gyrase B gene, sequencing primers UP-1S 5′-GAA GTC ATC ATG ACC GTT CTG CA -3′ and UP-2SR 5′-AGC AGG GTA CGG ATG TGC GAG CC -3′ were used as described by Yamamoto and Harayama (1995) . Resulting raw sequences were corrected manually using Chromas Pro v 1.34 (Technelysium Pty Ltd., Tewantin QLD, Australia) and sequence homology checked by using EZ Taxon search tool with type strains from database.
First hits obtained along with the other species of Pseudomonas genus were aligned, trimmed and used for the construction of the phylogenetic tree for 16S rRNA gene using Neighbour-joining method (Tamura et al. 2011 ) with bootstrap value more than 50%. The phylogenetic tree constructed for 16S rRNA gene showed that the isolated strains form a clade with Pseudomonas oryzihabitans strains while Xanthomonas axonopodis pv. punicae was used as an outgroup as represented in (Fig. 3) . All the 16S rRNA gene sequences were deposited in GeneBank and accession numbers were obtained for the representative pathogenic strains isolated from infected pomegranate plant parts from different sampling sites of Maharashtra as shown in Table 2 .
Similar results were obtained with the gyrase B sequence of Pseudomonas sp. strain SK 10 which cluster with Pseudomonas oryzihabitans strains while Xanthomonas campestris was an out-group as shown in (Fig. 4) . The gyrase B gene sequence of the isolated Pseudomonas sp. SK 10 was deposited in GenBank and the accession number obtained as MF043231. In the present study, Pseudomonas strains closely related to P. oryzihabitans were described as causal agents of a bacterial blight of pomegranate. To date, this disease was ascribed only to Xanthomonas axonopodis pv. punicae (Hingorani and Mehta 1952; Hingorani and Singh 1960) . These bacterial strains are characterised by yellow colonies a phenotype that has been already described for a number of Pseudomonas, eg. Pseudomonas oryzihabitans (Kodama et al. 1985) , Pseudomonas argentinensis sp. nov. (Peix et al. 2005) , Pseudomonas helmanticensis sp. nov. (Ramírez-Bahena et al. 2014) , Pseudomonas oryzihabitans (Cottyn et al. 2009; Ruiza et al. 2011; Hardoim et al. 2012) . P. oryzihabitans has been already associated with plants, as an endophyte of rice seeds (Cottyn et al. 2009; Ruiza et al. 2011; Hardoim et al. 2012 ) and in rice and paddy fields (Kodama et al. 1985) . Strains from pomegranate were able to induce bacterial blight symptoms when artificially inoculated in detached leaves and plantlets. Riley et al. (2002) reported in detail the plant disease diagnosis including various aspects of complete identification and diagnosis of a particular plant disease and the major factors related to the cause of disease. It may be possible in nature that two different bacteria can show similar symptoms leading to the same disease (Riley et al. 2002) . It has been reported that the Xanthomonas axonopodis, Pseudomonas cichorii and few strains of Rhizobiaceae family exhibits typical symptoms causing bacterial blight in eucalyptus (Gonçalves et al. 2008 ) which supported the result of Pomella et al. (1995) that leaf blight in Eucalyptus grandis was also caused by Pseudomonas cichorii. In addition, walnut blight canker was earlier reported to be caused by Xanthomonas campestris pv. juglandis however, isolation of bacteria from the canker revealed the higher proportion of yellow pigmented bacteria known as Pseudomonas flavescens sp. nov (Hildebrand et al. 1994 ). In addition, the Pseudomonas sp. isolated in the present study is involved in the progression of bacterial blight disease of pomegranate in Maharashtra, India.
To the best of our knowledge, this is the first report of Pseudomonas sp. as a cause of bacterial blight of pomegranate in Maharashtra, India. As the isolated pathogen, Pseudomonas sp. is able to show the symptoms of the blight disease in pomegranate under laboratory conditions, further investigation of the pathogen is essential and hence is been currently undertaken including the measures to control the blight disease. Pseudomonas species. Bootstrap percentages are specified on the internal branches while bar, 0.1 is the estimated substitutions per 100 base positions
